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Abstract
Tests of Lorentz and CPT violation in the medium baseline reactor antineutrino experiment are
presented in the framework of the Standard Model Extension (SME). Both the spectral distortion
and sidereal variation are employed to derive the limits of Lorentz violation (LV) coefficients. We
do the numerical analysis of the sensitivity of LV coefficients by taking the Jiangmen Underground
Neutrino Observatory (JUNO) as an illustration, which can improve the sensitivity by more than
two orders of magnitude compared with the current limits from reactor antineutrino experiments.
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I. INTRODUCTION
Special Relativity (SR) is a fundamental theory describing the Lorentz space-time sym-
metry, which is a consequence of the homogeneous and isotropic space-time and the principle
of relativity among different inertial frames. Being a cornerstone of modern physics, SR has
been verified with an extremely high degree of accuracy [1]. Although Lorentz invariance
has been widely accepted, well-motivated models with Lorentz violation (LV) are antici-
pated from the principle of Quantum Gravity [2]. LV can be tested with the observations
of high energy cosmic rays [3], astrophysical neutrinos [4] and gamma-ray bursts [5], as
well as the low energy phenomena such as beta decays [6], double beta decays [7], atomic
co-magnetometer experiments [8] and neutrino oscillations [9].
The phenomena of neutrino oscillations have been well established from recent oscillation
experiments with solar neutrinos, atmospheric neutrinos, reactor antineutrinos and acceler-
ator neutrinos [10]. The standard picture of three active neutrino oscillations is described by
three mixing angles, two independent mass-squared differences and the CP-violating phase.
The next-generation neutrino oscillation experiments with higher precision are designed to
probe the neutrino mass ordering and CP violation, and they also provide an opportunity
to test new physics [11] beyond the Standard Model (SM).
The low energy phenomena of LV can be systematically studied in the framework of the
Standard Model Extension (SME) [12], which includes all possible LV terms formed by the
SM fields in the Lagrangian,
LLV ' −(aL)µψLγµψL − (cL)µνψLiγµ∂νψL. (1)
Notice that aL violates both the Lorentz and CPT symmetries, but cL is CPT-even and
only violates the Lorentz invariance. Although the LV coefficients are very small due to the
suppression factor of the order of the electro-week scale divided by the Planck scale (i.e,
10−17), they provide an accessible test to Planck scale physics.
The SME framework predicts distinct behaviors for neutrino flavor conversions, which are
very different from the standard picture of three active neutrino oscillations. The transition
probability depends on the ratio of neutrino propagation distance L and the neutrino energy
E (i.e., L/E) in the conventional oscillation theory, but in the SME it depends on either
L or L× E for the contribution induced by aL or cL. On the other hand, LV also predicts
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the breakdown of space-time’s isotropy, which manifests as a sidereal modulation of the
neutrino events for experiments with both the neutrino source and detector fixed on the
earth. The sidereal time is defined on the basis of the earth’s orientation with respect to
the sun-centered reference inertial frame, which will be defined in the next section. The
sidereal variation of the experimental event rate will signify unambiguous evidence for LV.
Previous LV searches in LSND [15], MINOS [16, 17], MiniBooNE [18] and Double Chooz
[19] are reported with the limit level ranging from 10−20 to 10−23, where aL is in the unit of
GeV and cL is unitless.
In the present work we will study the possible tests of Lorentz and CPT violation in the
medium baseline reactor antineutrino experiment. We reformulate the theoretical descrip-
tion of vacuum neutrino oscillations in the SME framework, and discuss the key factors that
affect the sensitivity of LV. Using both the spectral distortion and sidereal variation effects,
we present the sensitivity of LV coefficients for the medium baseline reactor antineutrino
experiment taking the Jiangmen Underground Neutrino Observatory (JUNO) as an illus-
tration. Our analyses are carried out in the reference frame of the sun, which is defined in
Ref. [22], and has been used in the neutrino oscillation experiments [15–19].
The remaining part of this work is organized as follows. Section 2 is to derive the theo-
retical description. We present the neutrino oscillation probability in the SME framework,
and define the standard and local frames to denote the direction-dependent property of LV.
In section 3, we give the numerical analysis for JUNO and calculate its sensitivity to the
relevant LV coefficients. Finally, we conclude in section 4.
II. THEORETICAL DESCRIPTION
According to the SME, the effective Hamiltonian for Lorentz violating neutrino oscilla-
tions is written as [13]
Hαβ =
1
E
[
m2
2
+ (aL)µp
µ + (cL)µνp
µpν
]
αβ
, (2)
where E and pµ are the neutrino energy and 4-momentum, α and β are flavor indices,
and (m2)αβ = Udiag(m
2
1,m
2
2,m
2
3)U
† is the mass-squared matrix in the flavor basis with
U being the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [20]. aL and cL are the
LV coefficients defined in Eq. (1), and from dimensional analyses one can observe that aL
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is dimension-one while cL is dimensionless. Taking account of the CPT transformation
property of H [14], we find that the Hamiltonian for antineutrinos has the following form
Hαβ =
1
E
[
m2
2
− (aL)µpµ + (cL)µνpµpν
]∗
αβ
. (3)
To derive the antineutrino oscillation probabilities from the above Hamiltonian, we employ
the perturbative treatment as in Ref. [21] to factorize the LV part from the conventional
neutrino oscillation part. This approximate treatment is reasonable for the situation with
significant oscillation effects (i.e., long baseline).
In the standard framework of three active antineutrino oscillations, the oscillation prob-
ability can be expressed as the square of a time evolution operator S(0):
P
(0)
α→β =
∣∣∣S(0)αβ ∣∣∣2 = ∣∣(e−iH0t)αβ∣∣2 =
∣∣∣∣∣∑
i
UαiU
∗
βi e
−iEit
∣∣∣∣∣
2
, (4)
where H0 = (m
2)∗/(2E) is the mass term of the Hamiltonian in Eq. (3), and t ' L for
ultra-relativistic particles. By defining δH = [−(aL)µpµ + (cL)µνpµpν ]∗/E and taking the
perturbative expansion, we derive the whole time evolution operator as
S = e−iHt =
(
e−iH0t−iδHt eiH0t
)
e−iH0t
=
(
1− i ∫ t
0
dt1 e
−iH0t1 δH eiH0t1 + · · ·
)
S(0)
= S(0) + S(1) + · · · ,
(5)
where the higher order contributions are omitted. Consequently, the oscillation probability
is expanded as
Pα→β = |Sαβ|2 =
∣∣∣S(0)αβ ∣∣∣2 + 2Re [ (S(0)αβ )∗S(1)αβ ] = P (0)α→β + P (1)α→β. (6)
In particular, the explicit form of P
(1)
α→β can be written as [21]
P
(1)
α→β =
∑
i,j
∑
ρ,σ
2L Im
[
(S
(0)
αβ )
∗UαiU∗ρi τij δHρσUσjU
∗
βj
]
, (7)
with
τij =

exp {−iEiL} when i = j
exp {−iEiL} − exp {−iEjL}
−i(Ei − Ej)L when i 6= j
. (8)
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FIG. 2: The definition of t = 0 in the
sun-centered system.
The hermiticity of Hamiltonian requires δHρσ to be real when ρ = σ and δHρσ = δH
∗
σρ
when ρ 6= σ. For the former case, the LV terms can be extracted directly as
P
(1)
α→β =
∑
i,j
∑
ρ=σ
2L Im
[
(S
(0)
αβ )
∗UαiU∗ρi τij UσjU
∗
βj
]
δHρσ. (9)
As for the latter one, if we neglect the CP phase of the PMNS matrix in the following
analysis, the LV terms can be expressed as
P
(1)
α→β =
∑
i,j
∑
ρ 6=σ
L Im
[
(S
(0)
αβ )
∗UαiUρi τijUσjUβj(δHρσ + δHσρ)
]
=
∑
i,j
∑
ρ 6=σ
2L Im
[
(S
(0)
αβ )
∗UαiUρi τij UσjUβj
]
ReδHρσ.
(10)
From the expressions in Eqs. (9) and (10), we notice that contributions from the mass term
and LV terms can be factorized. Therefore, we define the quantity Iρσαβ as an indicator of the
sensitivity to δHρσ in a certain oscillation channel Pα→β,
Iρσαβ =
∑
i,j
2L Im
[
(S
(0)
αβ )
∗UαiUρi τijUσjUβj
]
. (11)
This indicator can be used to understand the distinct properties of different LV components
δHρσ in the following numerical analysis.
In the above expressions of the oscillation probability, the most important property of
the LV coefficients is that (aL)µ and (cL)µν are direction-dependent. Thus a reference frame
5
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should be specified when an experiment is going to report its LV results. The sun can take
on this responsibility, because it can be taken as an inertial frame to a good approximation
[22]. In the reference frame of the sun, the choice of the sun-centered system [15] is depicted
in Fig. 1 and defined in the following way:
• Point S is the center of the sun;
• The Z axis has the same direction as the earth’s rotational axis, so the X-Y plane is
parallel to the earth’s equator;
• The X axis is parallel to the vector pointed from the sun to the autumnal equinox,
while the Y axis completes the right-handed system.
In a terrestrial experiment, the direction of neutrino propagation is described by its com-
ponents along the X, Y, Z axes (i.e., NˆX , NˆY and NˆZ). For convenience, the origin of the
sun-centered system can be defined to be located in the center of the earth O due to the
invariance of spatial translation, which is defined in Fig. 3. In order to express NˆX , NˆY
and NˆZ in terms of local geographical information, a local coordinate system (x, y, z) is also
introduced:
• point O′ is the site of the neutrino source, and χ (i.e., the angle between OO′ and Z
axis) denotes its colatitude;
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• the z axis is defined to be upward;
• the x and y axes point to the south and east, respectively.
In the local coordinate system depicted in Fig. 4, the direction of neutrino propagation is
parameterized by two angles, where θ is the angle between the beam direction and z axis
and φ is the angle between the beam direction and x axis.
Because the neutrino source and detector are fixed on the earth, the rotation of the earth
will induce a periodic change of the neutrino propagating directions relative to the standard
reference frame, with an angular frequency ω = 2pi/Ts. Here Ts ' 23 h 56 min is the period
of a sidereal day. For this reason, a reference time origin should be specified. Without loss
of generality, we can set the local midnight when the earth arrives at the autumnal equinox
to be t = 0 (see Fig. 2). At this moment, the x-z plane coincidences with the X-Z plane,
resulting in the coordinate transformation as
NˆX = cosχ sin θ cosφ+ sinχ cos θ,
NˆY = sin θ sinφ,
NˆZ = − sinχ sin θ cosφ+ cosχ cos θ.
(12)
Therefore, the direction of neutrino propagation p̂µ = (1, p̂X , p̂Y , p̂Z) is a periodic function
of the time t
p̂X = NˆX cosωt− NˆY sinωt,
p̂Y = NˆX cosωt+ NˆY sinωt,
p̂Z = NˆZ .
(13)
Accordingly, δHρσ can be decomposed as
δHρσ = Cρσ + (As)ρσ sinωt+ (Ac)ρσ cosωt
+(Bs)ρσ sin 2ωt+ (Bc)ρσ cos 2ωt.
(14)
Note that the above coefficients (i.e., C, As, Ac, Bs and Bc) are linear combinations of the LV
coefficients (aL)µ and (cL)µν . Among them, terms of As, Ac, Bs and Bc (written as A/B for
short) are time-dependent and can induce periodic variations for the oscillation probability.
On the other hand, C term can modify the absolute value of the oscillation probability with
unconventional energy and baseline dependence, while the contributions of A/B cancel out
in a full sidereal period.
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III. NUMERICAL ANALYSIS
In this section, we discuss two distinct LV effects in the medium baseline reactor an-
tineutrino experiment. The first one is the spectral distortion in the reactor antineutrino
oscillation probability Pee, and the second one is the sidereal modulation of the antineutrino
event rate. Previous experimental LV searches mainly focus on the signature of sidereal
modulation as it can give definite evidence for LV and is independent of the uncertainties
of oscillation probabilities. However, as all the three mixing angles and two mass-squared
differences are measured with high precision, it is desirable to place compatible constraints
on LV coefficients using the spectral distortion information. Therefore, we employ both the
phenomena to constrain LV coefficients.
In our numerical analysis, we take the JUNO experiment [25, 26] as a working example.
We simplify the reactor complexes in Yangjiang (labeled with “1”) and Taishan (labeled
with “2”) as two virtual reactors with equal baselines (i.e., 53 km). Meanwhile, a 20 kton
liquid scintillator detector is located in Jiangmen. The antineutrinos coming from the two
reactors can be written as
φ1(E) = N1 p1(E) , φ2(E) = N2 p2(E) , (15)
where N1 and N2 are the total antineutrino events during the experimental period, while
p1(E) and p2(E) are their spectrum distributions. For simplicity, we assume p1(E) =
p2(E) = p(E) and take the fuel composition as 53.8%
235U, 7.8% 238U, 32.8% 239Pu and 5.6%
239Pu. The reactor antineutrino spectra are described by the following phenomenological
expressions [23],
p235(E) =
1
1.96
exp[3.2− 3.1E + 1.4E2 − 0.37E3 + 0.045E4 − 0.0021E5 ] ,
p238(E) =
1
2.53
exp[0.48 + 0.19E − 0.13E2 − 0.0068E3 + 0.0022E4 − 0.00015E5 ] ,
p239(E) =
1
1.52
exp[6.4− 7.4E + 3.5E2 − 0.88E3 + 0.10E4 − 0.0046E5 ] ,
p241(E) =
1
1.88
exp[3.3− 3.2E + 1.4E2 − 0.37E3 + 0.043E4 − 0.0019E5 ] .
(16)
As a consequence, p(E) is a weighted average as
p(E) = 0.538p235(E) + 0.078p238(E) + 0.328p239(E) + 0.056p241(E) . (17)
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Finally, the event number distribution can be obtained as a function of Eo,
n(0)(Eo) =
∫ ∞
Eth
N [N1 +N2]p(E)P (0)ee σ(E)G(Eo, E)dE . (18)
Here Eo ' Ee + 1.3 (MeV), with Ee being the energy of the outgoing positron in the inverse
beta decay (IBD) process. G(Eo, E) is a Gaussian distribution for the energy resolution,
with the standard deviation defined as
ρ ' 0.03
√
Eo − 0.8 . (19)
N is a normalization factor including the effects of reactor power, detection efficiency and
the detector size. With the approximation of equal baselines, the survival probability for ν¯e
from the two different sources can be taken as the same one
P (0)ee = 1− 4s212c212c413 sin2
∆m221L
4E
− 4s213c213c212 sin2
∆m231L
4E
− 4s213c213s212 sin2
∆m232L
4E
, (20)
where sij = sin θij, cij = cos θij and ∆m
2
ij = m
2
i −m2j are the neutrino mixing angles defined
in the standard parameterization [10] and mass squared differences, respectively. σ(E) is
the leading-order IBD cross section [24]
σ(E) ' 0.0952(E − 1.3)
√
(E − 1.3)2 − 0.52 × 10−42 cm2. (21)
As discussed in Ref. [26], about one hundred thousand IBD events are expected after a
nominal running of six years. Therefore, we normalize the total events in Eq. (18) to be one
hundred thousand.
When LV effects are included, the energy distribution of the IBD events receives an extra
contribution,
n(1)(Eo) =
∫ ∞
Eth
N p(E) [N1 (P (1)ee )1 +N2 (P (1)ee )2 ] σ(E)G(Eo, E)dE . (22)
For simplicity, we define an effective LV-induced oscillation probability as
P
(1)eff
ee =
1
N1 +N2
[
N1 (P
(1)
ee )1 +N2 (P
(1)
ee )2
]
=
∑
i,j
∑
ρ,σ
2L Im
[
(S
(0)
ee )∗UeiU∗ρi τij δH
eff
ρσ UσjU
∗
ej
]
,
(23)
where
δHeffρσ =
1
N1 +N2
[N1 (δHρσ)1 +N2 (δHρσ)2 ] . (24)
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Antineutrinos from two reactor sources have different propagation directions, so (δHρσ)1
and (δHρσ)2 can be expanded in the same way as Eq. (14), with the information of the
detector and reactor position [27]. For LV coefficients aµL and c
µν
L with arbitrary directions,
the expansion coefficients for antineutrinos coming from Yangjiang are given as
(C∗ρσ)1 = −aTρσ + 0.81 aZρσ + [ 0.42 cTTρσ − 0.48 cZZρσ ] E,
((As)∗ρσ)1 = −0.49 aXρσ − 0.33 aYρσ − [ 0.98 cTXρσ + 0.65 cTYρσ − 0.79 cXZρσ − 0.52 cY Zρσ ] E,
((Ac)∗ρσ)1 = −0.33 aXρσ + 0.49 aYρσ − [ 0.65 cTXρσ − 0.98 cTYρσ − 0.52 cXZρσ + 0.79 cY Zρσ ] E,
((Bs)∗ρσ)1 = −0.16 cXXρσ + 0.16 cY Yρσ + 0.13 cXYρσ ,
((Bc)∗ρσ)1 = −0.067 cXXρσ + 0.067 cY Yρσ + 0.32 cXYρσ .
(25)
while the expansion coefficients for antineutrinos coming from Taishan are given as
(C∗ρσ)2 = −aTρσ + 0.41 aZρσ − [ 0.59 cTTρσ − 0.25 cZZρσ ] E,
((As)∗ρσ)2 = 0.90 aXρσ − 0.17 aYρσ + [ 1.8 cTXρσ − 0.34 cTYρσ − 0.73 cXZρσ + 0.14 cY Zρσ ] E,
((Ac)∗ρσ)2 = −0.17 aXρσ − 0.90 aYρσ − [ 0.34 cTXρσ + 1.8 cTYρσ − 0.14 cXZρσ − 0.73 cY Zρσ ] E,
((Bs)∗ρσ)2 = 0.15 cXXρσ − 0.15 cY Yρσ + 0.77 cXYρσ ,
((Bc)∗ρσ)2 = −0.39 cXXρσ + 0.39 cY Yρσ − 0.30 cXYρσ .
(26)
Here the subscript “L” for aL and cL is omitted for simplicity.
The energy range from 1.8 to 8 MeV is divided into 200 equal-size bins. For each bin
with the label i, the expected event number can be calculated as
n
(0)
i =
∫ Ei+∆E
Ei−∆E
n(0)(Eo) dEo , (27)
where ∆E ' 0.031 MeV and Ei = [1.8 + (i − 0.5)∆E ] MeV. In this calculation, the
oscillation parameters are taken as the central values of the recent global-fit analysis [28],
sin2 θ12 = 0.323 , sin
2 θ13 = 0.0234 ;
∆m221 = 7.60× 10−5 eV2 , ∆m231 = 2.48× 10−3 eV2 .
(28)
Furthermore, the event numbers from the LV terms are calculated as
n
(1)
i =
∫ Ei+∆E
Ei−∆E
n(1)(Eo) dEo . (29)
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FIG. 5: Spectral distortion effects for the six effective LV coefficients. Their magnitudes
are taken as (±5.0× 10−22) GeV and zero for comparison.
Because δHeffρσ has an identical form as Eq. (14), we can define the effective coefficients Ceffρσ
and A/Beffρσ as the weighted averages of (Cρσ)1/2 and (A/Bρσ)1/2.
Ceffρσ can modify the energy dependence of the oscillation probability. Fig. (5) shows the
spectral distortion effects for the six effective LV coefficients Ceffρσ . Their magnitudes are taken
as (±5.0 × 10−22) GeV for comparison. The standard case without LV is also illustrated.
Therefore, we can constrain the magnitude of Ceffρσ by comparing the observed spectrum with
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FIG. 6: The JUNO sensitivity for the effective LV coefficients from the spectral distortion
(upper panel) and sidereal variation (lower panel) effects.
the expected one. There are many Ceffρσ components and they may be cancelled with each
other when combined together. For definiteness, we shall take only one non-zero coefficient
at one time in the analysis.
To quantify the significance of LV effects in the spectral distortion, a χ2 function is defined
as follows:
χ2 =
∑
i
[
n
(0)
i (s
2
12)−
(
n
(0)′
i (s
′2
12) + n
(1)
i
)
(1 + )
]2
n
(0)
i (s
2
12) +
(
0.01n
(0)
i (s
2
12)
)2 + 20.052 + (s′212 − s212)20.0162 , (30)
where two pull-parameters are included.  is a normalization factor with an uncertainty
12
Ceffee Ceffeµ Ceffeτ Ceffµµ Ceffµτ Ceffττ
10−22 GeV 1.5 0.5 0.4 4.4 3.4 1.1
A/Beffee A/Beffeµ A/Beffeτ A/Beffµµ A/Beffµτ A/Beffττ
10−24 GeV 3.7 3.7 2.7 5.4 6.6 11.6
TABLE I: The JUNO sensitivity at the 95% confidence level for the effective LV
coefficients C, A/B in δHeffρσ .
of 0.05, s′212 is the oscillation parameter that affects the analysis most. The uncertainty
of s212 is also taken from Ref. [28]. We also take a spectral uncertainty of the 1% level,
which is assumed uncorrelated among different energy bins. For each Ceffρσ , we can obtain
a one-dimensional ∆χ2 function after marginalizing the pull-parameters  and s′212. The
distributions of ∆χ2 as functions of the six effective LV coefficients Ceffρσ are shown in the
upper panel of Fig. (6). The upper limits at the 95% confidence level for these LV coefficients
are listed in the first row of Table I. The relative differences in the power of constraining
these six coefficients can be understood by the quantity defined in Eq. (11), which indicates
that the flavor indices with larger Iαβ will get more severe constraints.
Next we shall discuss the constraints on the effective coefficients A/Beffρσ from the sidereal
variation of IBD event rates. For this purpose, a sidereal day is divided into 24 bins. Each
bin j is expected to have n
(0)
j ' 100000/24 ' 4167 IBD events in the whole energy range
from 1.8 to 8 MeV. Similar to Eq. (30), another χ2 is defined as
χ2 =
∑
j
n
(1)2
j
n
(0)
j +
(
0.01n
(0)
j
)2 . (31)
Here n
(1)
j is calculated through the following expression,
n
(1)
j =
∫ Tj
Tj−1
[∫ ∞
Eth
n(1)(Eo)dEo
]
dT, (32)
with Tj = j h. Notice that a normalization factor like  in Eq. (30) has a negligible effect
in the analysis. Thus we only consider the statistical uncertainty of n
(0)
j and the time-
dependent uncorrelated uncertainty of the 1% level. The ∆χ2 as functions of the effective
LV coefficients A/Beffρσ are shown in the lower panel of Fig. (6). The 95% upper limits for
these LV coefficients are listed in the second row of Table I, where the ττ component gets
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the worst sensitivity, but the eτ coefficient turns out to be the most severely constrained
parameters. The order of magnitude for these coefficients is 10−24 GeV, much smaller than
that for Ceffρσ (i.e., 10−22 GeV). This is because the uncertainties of the spectrum and neutrino
oscillation parameters do not enter the sidereal variation of IBD events.
It is straightforward to transfer the limits for Ceffρσ and A/Beffρσ to that for each space
component of the physical parameters aµL and c
µν
L , with the help of the relations given by
Eqs. (25) and (26). However, the degrees of freedom in aµL and c
µν
L are much larger than
those in the effective LV coefficients. In order to obtain the independent constraints, it is
more reasonable to use the effective coefficients. On the other hand, one should derive the
limits for aµL and c
µν
L when comparing and combining the limits from different oscillation
experiments.
IV. CONCLUSION
In this work, we have presented the sensitivity study for the Lorentz and CPT violation in
the medium baseline reactor antineutrino experiment. Taking the JUNO experiment as an
illustration, we calculate the sensitivity for constraining the LV coefficients using both the
spectral distortion and sidereal variation effects. The time-independent spectral distortion
can constrain the effective LV coefficients Ceffρσ to the level of 10−22 GeV, and using the
sidereal variation effect one can test LV with a precision of 10−24 GeV. Considering the
flavor indices of the LV coefficients, we have the best constraints for the eτ components, but
the worst ones for the µµ or ττ components. The JUNO sensitivity is at least two orders of
magnitude better than the achieved limits in the reactor antineutrino experiment [19] due
to the longer baseline and much better energy resolution.
Although suppressed by the factor of the order of the electro-week scale divided by the
Planck scale (i.e, 10−17), the low-energy neutrino oscillation phenomena provide us an ac-
cessible tool to test Planck scale physics. Comparing and combining with other probes of
Lorentz and CPT violation, including the high energy tests with cosmic rays and astrophys-
ical neutrinos, we may be able to reveal the hidden information behind the Planck scale and
obtain the possible clue of Quantum Gravity [2].
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